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Late Devonian time was a period of rapid upheaval in the Earth system, including climate
change, sea level changes, widespread ocean anoxia, and the Frasnian-Famennian mass
extinction; the cause(s) of these changes remain(s) uncertain. The Lennard Shelf of the
Canning Basin in Western Australia contains carbonate reef sections spanning much of the
Late Devonian Epoch and has been sampled for paleomagnetic analysis with studies by
Hansma and colleagues in 2015 and Playton and colleagues in 2016. However, previous
paleomagnetic directions were scattered and their use for magnetostratigraphy has been
questioned. Here, rock magnetic data and magnetostratigraphy for a late Devonian drillcore from the Lennard Shelf were analyzed. Three magnetostratigraphic interpretations
were made using different paleopoles that showed good correlation with each other and
the earlier interpretations by Playton and colleagues in 2016. Additionally, the rock
magnetic data revealed the samples contain various mixtures of detrital and diagenetic
minerals, the former of which should be viable recorders of primary magnetic signatures.
Even in samples with these detrital phases, paleomagnetic data were often noisy and
produced ambiguous polarity assignments, likely due to the anomalously weak Devonian
ﬁeld. Because of this ambiguity and the absence of a robust paleopole, broader
correlations for this critical time-period will be difﬁcult without additional paleomagnetic
data from the late Devonian Period. Expanded data for this interval could eventually shed
light on the timing, causes, and rates of the Frasnian-Famennian mass extinction and other
environmental shifts in the late Devonian Epoch.
Keywords: Devonian, Canning Basin, Frasnian-Famennian mass extinction, magnetostratigraphy, rock magnetism,
Earth’s magnetic ﬁeld
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1 INTRODUCTION

(Shcherbakova et al., 2017; Hawkins et al., 2021) and/or a
hyperreversal period of the magnetic ﬁeld (Shcherbakova
et al., 2019).
Regardless of causal reasons for the dearth of poles and
ambiguous magnetic records, these consistent challenges with
interpreting data in the Devonian Period lower the conﬁdence in
other stratigraphic and chronologic records correlated with them.
More paleomagnetic data is essential for identifying potential
causes of the complex Devonian magnetic signals, evaluating
which data might be usable, and producing a Devonian Global
Polarity Timescale (van der Boon et al., 2021, in review). Here we
present a high-resolution magnetostratigraphic record and rock
magnetic data for a late Devonian core from the Canning Basin,
Australia and then compare the results to other poles and
magnetostratigraphic records for the region.

The Devonian Period had expansive reefs that contributed to
abundant carbonate production and the greatest marine diversity
of the Paleozoic Era, including the appearance and diversiﬁcation
of aquatic tetrapods (e.g., Becker et al., 2020; Bambach et al., 2002;
Kiessling et al., 2003). The Late Devonian time-period in
particular saw signiﬁcant changes in global climate, sea level,
and marine geochemical records (Hillbun et al., 2015, 2016).
Despite overall high Devonian marine diversity, a protracted
mass extinction event occurred during the Frasnian and
Famennian stages that greatly decreased the abundance of
marine and terrestrial life before and continuing into the
Carboniferous Period (Percival et al., 2018). The FrasnianFamennian mass extinction was especially destructive to the
widespread Devonian reef systems and stromatoporoids
(Percival et al., 2018) but, in the aftermath, lead to
diversiﬁcation of organisms like tetrapods, actinopterygians,
and chondrichthyans that had previously comprised a less
signiﬁcant part of the biotic system (Sallan and Coates, 2010).
Despite its place in the list of the ﬁve largest mass extinctions
(Sepkoski, 2002) and importance for later vertebrate radiation,
the causes of the Frasnian-Famennian extinction remain
uncertain. The eruption of the Viluy or Kola-Dnieper Large
Igneous Provinces, marine anoxia, orbital forcings, and
extraterrestrial impact events have all been suggested as causes
of the extinction (Ernst and Youbi, 2017; Percival et al., 2018; Lu
et al., 2021), but poorly constrained Devonian chronostratigraphy
and imprecise dating of the causal mechanisms have led to
continued debate (e.g., Ricci et al., 2013; Ma et al., 2016;
Percival et al., 2018; Lu et al., 2021).
The tool of choice for integrating paleontological
observations and sedimentary stratigraphic successions is
magnetostratigraphy, which uses primary magnetic ﬁeld
signals recorded in magnetic minerals to determine a
characteristic pattern of polarity reversals that can then aid
in correlating and dating sections (Butler, 1992; Langereis
et al., 2010). However, the Earth’s magnetic ﬁeld is complex
and difﬁcult to constrain throughout the Devonian Period,
which makes it challenging to compile accurate chronologies,
including around the Frasnian-Famennian extinction
(Hansma et al., 2015; Percival et al., 2018; Becker et al.,
2020; van der Boon et al., 2021, in review; Ogg, 2020).
Paleointensity is lower in the Devonian Period (Hawkins
et al., 2019; Perrin and Shcherbakov, 1997; Shcherbakova
et al., 2017); paleomagnetic samples often have complex
overprinting and remagnetizations (Torsvik et al., 2012);
reversals are more common than in other intervals
(Hansma et al., 2015; Hounslow et al., 2018); and there are
few robust paleopoles during this time (Torsvik et al., 2012;
van der Boon et al., 2021, in review). The poles that do exist are
often derived from older magnetic data that is not available at
the measurement level for reassessment (van der Boon et al.,
2021, in review; Torsvik et al., 2012). Globally there is a dearth
of paleomagnetic data in the Devonian Period. The complex
and frequently weak Devonian magnetic data could be
attributed
to
a
low-intensity,
non-dipolar
ﬁeld
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2 GEOLOGIC SETTING
The Canning Basin in Western Australia (Figure 1) formed in the
Ordovician Period and persisted through the Devonian Period as
Gondwana underwent crustal extension, rifting, and subsidence
around 10–15° south of the equator (Tyler et al., 2012; Hillbun
et al., 2016; Playton et al., 2016). A carbonate reef system
developed in the northeastern part of this sub-equatorial basin,
creating the numerous carbonate outcrops of the Lennard Shelf
over a 25-million-year interval in the Middle and Late Devonian
Epochs (Playford et al., 2009; Playton et al., 2016). This
transgressive-regressive carbonate supersequence consists of
platform top, reef, slope, and basinal mixed carbonatesiliciclastic environments and is bordered by the Proterozoic
North Australian Craton to the north and the Fitzroy Trough
to the south, a fault-bounded sub-basin within the Canning Basin.
The reefal depositional system today is well exposed with
minimal structural deformation or overprinting.
In the Bugle Gap area of the Lennard Shelf exposures, the
Canning Basin Chronostratigraphy Project (CBCP) collected drill
cores using the shallow, portable, tripod-mounted Winkie drilling
equipment at McWhae Ridge (MR1) and Wade Knoll (WK1)
(Playton et al., 2016). Both cores are dominated by silty limestone
representing distal slope and basinal settings. McWhae Ridge is a
drowned reef spine, and the MR1 core penetrates younger,
onlapping distal slope sediments ranging from Lower Frasnian
to Lower Famennian in age according to moderately-constrained
biostratigraphy data. The facies are mud-dominated, consisting
of silty mudstones and wackestones with minor packstones. A
distinctive iron-rich microbialite marker bed (locally identiﬁed as
Frutexites, Playford et al., 2009) was observed at the drilling
location of MR1 (base of bed is 0 m core depth) that constrains
this uppermost stratigraphy to the Lowermost Famennian. The
beds have shallow dips, between 10 and 15°, that are likely
steepened by compaction around the McWhae Ridge reef
spine. Wade Knoll is in Paddy’s Valley between the
Emmanuel and Laidlaw Ranges, and the WK1 core represents
distal slope and basinal environments between the surrounding
transgressive reefal margins. The depositional timing of WK1 is
poorly constrained with few, imprecise biostratigraphic controls.
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FIGURE 1 | Simpliﬁed geologic map of Lennard Shelf, Canning Basin. Simpliﬁed outcrop exposure and location maps for the Lennard Shelf, Canning Basin,
Western Australia. Red labels indicate sites where paleomagnetic data was collected. SO  South Oscars measured section; VHS  Horse Spring measured section;
WK1  Wade Knoll Winkie core; MR1  McWhae Ridge Winkie core. SO and VHS paleomagnetic data were analyzed and published in Hansma et al. (2015). Modiﬁed
after Playton et al. (2016).

perpendicular to the core using a drill-press at the Geological
Survey of Western Australia. The WK1 Winkie core is a 37.95 m
long AW34 core also drilled in July 2010 at 18° 39′ 25.04″S, 126°
0′ 5.19″E with a total of 74 samples (25-mm-diameter) collected.
The samples from both cores were further cut into specimens at
the California Institute of Technology for paleomagnetic
analyses, isotopic analyses, rock magnetic analyses, and archiving.
Rock magnetic data was conducted on 21 samples across the
MR1 core using a 2G Enterprises SQuID magnetometer at the
California Institute of Technology following the RAPID protocols
(Kirschvink et al., 2008). This protocol included measuring
alternating ﬁeld demagnetization of the natural remanent
magnetization (NRM); acquisition and demagnetization of
anhysteretic remanent magnetization and isothermal remanent
magnetization (IRM); and backﬁeld IRM acquisition. The
samples were analyzed using the MAX UnMix web application
(Maxbauer et al., 2016). Together, these rock magnetic methods
can be used to distinguish different ferromagnetic minerals on the

It does contain a Lower Frasnian marker bed, so it is interpreted
to span part of the Lower Frasnian. It is similar to the muddominated MR1 facies, consisting of silty mudstone-wackestonepackstone with dips of 3° or less (Playton et al., 2016).

3 METHODS
The CBCP compiled samples from key outcrop transects, shallow
Winkie
cores,
and
subsurface
cores
to
explore
chronostratigraphic signals contained within different MiddleLate Devonian carbonate environments along the Lennard Shelf
(Playton et al., 2016). The MR1 Winkie core is the focus of this
study and is a 42.2 m long AW34 core drilled in July 2010 at 18°
43′ 59.61″S, 126° 4′ 46.02″E. The Winkie core was oriented using
bedding planes (drilled at a 14° angle to them) and marking the
top of each core run using a string (Supplementary Figure S1). A
total of 155 samples (25-mm-diameter) were collected
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FIGURE 2 | Coercivity spectra and unmixed magnetic components for selected MR1 samples. Rock magnetic data were collected for 21 samples from the MR1
core (for stratigraphic location, see Figure 4). The unscaled coercivity spectra for those samples are shown here, separated by mineralogy, with detrital hematite-bearing
samples on the left, goethite-bearing samples in the center, and pigmentary hematite-bearing samples on the right. The three samples that contain both detrital
hematite and goethite are included in the goethite column. Below each coercivity spectra is a representative plot of the magnetic mineral components contained in
those samples, made using MAX UnMix (Maxbauer et al., 2016). Eleven samples contain detrital hematite, ﬁve have goethite, eight have pigmentary hematite, and 20
have magnetite. Each sample contains some combination of two or three of these magnetic minerals, as shown in the MAX UnMix representative plots. Some of the
peaks labelled as magnetite could instead be attributed to pyrrhotite based on the demagnetization data.

basis of observed fundamental properties (e.g., Peters and
Dekkers, 2003). Previously unpublished rock magnetic analyses
from ﬁve specimens from the VHS outcrops (Hansma et al., 2015)
were also measured with the same procedure (Supplementary
Figure S2).
The demagnetization routine, carried out at the California
Institute of Technology using a 2G Enterprises SQuID
magnetometer with an automated sample-changing system
(Kirschvink et al., 2008), was similar for MR1 and WK1. It
started by cooling the samples in liquid N2 in a low-ﬁeld space
to remove viscous magnetizations. Two low-temperature
cycling steps (−196°C) were followed by three low-intensity
alternating ﬁeld steps (2.3, 4.6, and 6.9 mT) to remove
secondary magnetizations. The main demagnetization
process was thermal. For MR1, steps at 60 °C and 80 °C were
carried out in air before adding in a trickle of N2 gas to
minimize oxidation in subsequent steps. Steps of 5–30 °C were
used as the samples were heated from 100°C to 675°C. For
WK1, a step at 75°C was carried out in air while all subsequent
ones proceeded in N2 gas. Steps of 5–25 °C were used as
samples were heated from 100°C to 320°C. Magnetic
directions were determined for each sample using principle

Frontiers in Earth Science | www.frontiersin.org

component analysis (Kirschvink, 1980) and the PmagPy
software (Tauxe et al., 2016).

4 RESULTS
Following these rock magnetic protocols, the derivative of the
IRM demagnetization was used to determine the coercivity of
remanence and then ﬁt using the MAX UnMix web application
(Maxbauer et al., 2016) to identify the ferromagnetic minerals
present in each sample (Figure 2; Peters and Dekkers, 2003).
Using a smoothing factor of 0.4, four different components were
identiﬁed, with two or three of those components appearing in
any given sample. The highest coercivity component had a range
of 1,100–1,950 mT. It was interpreted to be goethite and found in
ﬁve of the samples. The 401–604 mT component was identiﬁed in
11 samples and attributed to hematite. The 110–407 mT
component, found in eight samples, was labelled as ﬁnergrained (a.k.a. “pigmentary”) hematite (Swanson-Hysell et al.,
2019). Present in 20 samples, the 27–116 mT component was
interpreted as magnetite. Based on the thermal demagnetization
patterns, pyrrhotite may be present instead of or in addition to

4
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FIGURE 3 | Paleomagnetic data. Equal area, magnetization normalized to initial magnetization (M/NRM0, NRM  natural remanent magnetization), and Zijderveld
plots of demagnetization data for four representative samples in the upper (samples MR1-68 and MR1-10) and lower (samples MR1-25 and MR1-56) hemispheres in tiltcorrected coordinates. MR1-68 and MR1-25 are among the best samples with well-deﬁned, origin-reaching, high-temperature components and the high-blocking
temperatures indicative of detrital hematite. MR1-10 and MR1-56 are noisier samples.
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FIGURE 4 | Paleomagnetic directional data and magnetostratigraphy for MR1. Lithologic log, declination, inclination, and virtual geomagnetic pole (VGP) latitude
data for the high-temperature components of MR1. The lithologic log is modiﬁed from Playton et al. (2016) and shows fossils and biostratigraphic markers in the section.
Red arrows indicate the 21 locations where samples were taken for rock magnetic analysis. In the ﬁfth column, the VGPs are plotted as an angle from the paleopole
calculated by Hansma et al. (2015) for the Canning Basin; samples that could be ﬁt with a line going to the origin instead of an anchored line are outlined in red. The
same calculations and plotting were done using the angle from the mean VGP of the dataset and from the pole calculated by Torsvik et al. (2012) for Gondwana at
370 Ma (Supplementary Figure S3). The magnetic reversals determined from each of these different datasets were used to create a corresponding
magnetostratigraphic record. For the magnetostratigraphic record that used the Hansma et al. (2015) paleopole, the meterage of the polarity changes is listed in
Supplementary Table S1. The magnetostratigraphy for MR1 published in Playton et al. (2016) is labelled as Tohver data and compared to the magnetostratigraphy
produced here. The Hansma et al. (2015), Torsvik et al. (2012), Playton et al. (2016) records are all fairly similar, though there are some differences between 9 m and 16 m
and below 33 m. The mean VGP interpretation is signiﬁcantly different from the others.

ﬁt as lines heading to the origin. There has been support for
using plane ﬁts in statistical analyses where line ﬁts are not
appropriate (e.g., McFadden and McElhinny, 1988), but plane
ﬁts did not appear robust for this work. When plane ﬁts were
used for the high-temperature components of samples, the
best-ﬁt results became biased towards the direction of the few
existing line ﬁts. This obscured the actual directional trends
and polarity of the high-temperature components since a
small number of samples were having an outsized impact
on the rest. Instead, we chose to utilize anchored line ﬁts for
the high-temperature components of samples that had stable
endpoints that did not approach the origin. These anchored
ﬁts are utilized in the remainder of our analyses (although
samples that could be ﬁt with a line without anchoring are
outlined in red in Figure 4 and Supplementary Figure S3).
Only twelve samples were not able to be ﬁt with anchored
lines, and ﬁve samples were not included in directional
analysis because of their unusual low-temperature ﬁts.

magnetite in eight of these samples, but that signal could not be
clearly separated out from the other components in MAX UnMix.
Pyrrhotite is difﬁcult to deﬁnitively identify in this suite of roomtemperature rock magnetic analyses because gyroremanent and
rotational remanent magnetizations were not speciﬁcally probed.
The demagnetization routine revealed three magnetic
components in most MR1 samples: a viscous remanence
component eliminated during the low-temperature and
alternating ﬁeld steps; a present local ﬁeld component
found with blocking temperatures between 100–280 °C; and
a high-temperature component with blocking temperatures
between 270–675 °C (Figure 3). Some of the high-temperature
components with blocking temperatures below 400°C are
suggestive of pyrrhotite (59 specimens), but those that do
not fully demagnetize until higher temperatures represent
magnetite (57 specimens) or hematite (22 specimens)
grains that are more likely to be primary in nature. Only
40 of the high-temperature components (29%) were able to be

Frontiers in Earth Science | www.frontiersin.org
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FIGURE 5 | Paleomagnetic Directions for MR1 samples. Equal area plots for low-temperature components and high-temperature components, separated into
upper and lower hemispheres. The present local ﬁeld when the core was collected in July 2010 (D  2.916°, I  −49.602°) is indicated with a green star on the low
temperature panel. The low-temperature ﬁts cluster close to the present local ﬁeld (Fisher mean D  350.3°, I  −45.6°, α95  3.4°, n  150. Geographic coordinates). The
high-temperature ﬁts have more spread (Upper Hemisphere Fisher mean D  355.5°, I  −59.7°, α95  16.2, n  59. Lower Hemisphere Fisher mean D  188.9°, I 
76.3°, α95  14.4°, n  79. Tilt-corrected coordinates). Values for n represent ﬁts not hidden, so they do not include the ﬁve samples with anomalous low-temperature
components.

The low-temperature directions cluster well (D  350.3°,
I  −45.6°, α95  3.4°, n  150) near the present local ﬁeld
(for July 2010 D  2.916°, I  −49.602°) and are thus interpreted as
a modern overprint (Figure 5). Five samples were not included in
the later analyses because their low-temperature directions were
in the opposite hemisphere from all the other samples. The hightemperature components do not show as clear a trend, though
clusters can be identiﬁed in the upper and lower hemispheres
(Figure 5). A paleomagnetic conglomerate test was applied to all
the tilt-corrected high-temperature directions using the Bayesian
approach described by Heslop and Roberts (2018). When the
high-temperature lower-hemisphere components were ﬂipped
(adding 180° to the declination and reversing the sign of the
inclination), the Bayes Factor and p(HA|R) value were both 2.58 ×
10−28. With these values, there is very strong support for a
unimodal distribution (Heslop and Roberts, 2018), which is
expected from ﬂipping reversed samples into the same
hemisphere as normal samples. As such, we can expect the
unaltered data to show a non-unimodal distribution. Overall,
this supports the use of our interpreted directions for
magnetostratigraphy, though the use of anchored ﬁts instead
of line ﬁts suggests a level of caution is necessary.
Multiple magnetic reversals were identiﬁed in MR1 by plotting
the samples stratigraphically to determine polarity chrons. The
virtual geomagnetic poles (VGPs) of the high-temperature
component directions of MR1 were plotted as an angle from
the mean VGP of that dataset, calculated after ﬂipping all the
lower hemisphere directions to the upper hemisphere. Samples
with a mean angular deviation (MAD) ≤ 10° were treated with
higher conﬁdence. Where the characteristic remanent direction
of two or more samples crossed the 0° line from the VGP, it was
treated as a magnetic reversal and used in assigning magnetic
chrons for MR1 (Figure 4). In the same manner, the angle
between the VGP of the high-temperature component

Frontiers in Earth Science | www.frontiersin.org

directions and the pole calculated for the Canning Basin in
Hansma et al. (2015) and for Gondwana at 370 Ma in Torsvik
et al. (2012) was calculated and plotted to assign chrons as a
comparison to this dataset (Supplementary Figure S3). A
comparison of the three magnetostratigraphic records is
shown in Figure 4. The assigned chrons are largely similar for
the Torsvik and Hansma poles, but the magnetostratigraphy
using the mean VGP from this dataset shows signiﬁcant
differences from the other two. This is due to the similarity
between the Torsvik and Hansma paleopoles, which underscores
the importance of the paleopoles used in these
magnetostratigraphic calculations.
High-reversal rates like those proposed for the late Devonian
Period (Shcherbakova et al., 2019; Hawkins et al., 2021) can be
difﬁcult to test if sampling density is low. However, detailed
sampling of this core, with samples spaced on average 25 cm apart
(representing ∼10,000–30,000 years resolution), means that the
frequent reversals recorded here (Figure 4) are consistent with a
high-reversal-rate ﬁeld.

5 DISCUSSION
Concerns have been raised about prior paleomagnetic analyses of
the Canning Basin and their potential to be used for
magnetostratigraphy (Bilardello, 2019; van der Boon et al.,
2021, in review); this study provides an internal consistency
check as this same set of MR1 samples was also interpreted as
part of the Playton et al. (2016) analysis of the Canning Basin.
Their magnetostratigraphic interpretation can be seen compared
to the three made here in Figure 4. The mean VGP chrons differ
signiﬁcantly from all the other interpretations, suggesting that
this is not a reliable pole for this basin probably due to the use of
anchored line-ﬁts. There is an overall agreement between the sets
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general, the best high-temperature ﬁts for MR1 were in the
samples that contained hematite, since more of those samples
had anchored ﬁts with MADs ≤10° compared to those containing
pigmentary hematite. The lowest conﬁdence ﬁts were in the lower
parts of the core that contained pigmentary hematite, where fewer
samples had anchored ﬁts and MADs ≤10°.
The samples containing hematite give greater conﬁdence in
the primary nature of the magnetic signal recorded. This
hematite is inferred to be detrital; therefore it could be
accompanied by inclination shallowing, which would be
vital to determine and potentially correct for before utilizing
the paleomagnetic pole direction (Tauxe et al., 2008). The
detrital phases, like the coarser-grained detrital hematite and
magnetite, also demagnetize at higher temperatures than the
diagenetic pigmentary hematite and pyrrhotite. Higher
blocking temperatures make those minerals more likely to
preserve the primary magnetic signature of the rocks and
are thus treated with higher conﬁdence. It is also notable
that, unlike MR1, the WK1 samples lack rock magnetic
data. Additionally they had low blocking temperatures with
67 out of 73 samples losing more than 90% of their initial
magnetization by 320°C. These two factors led to concerns
about the primary nature of the magnetization in WK1, so
those samples were not included in the magnetostratigraphic
comparisons made here (see Supplementary Figures S5, S6 for
equal area plots, Fisher means, and magnetostratigraphic
columns).
Combining these rock magnetic and paleomagnetic
interpretations, Figures 6 and Supplementary Figure S4
shows the results of separating the MR1 samples based on
the blocking temperatures of their high-temperature
components to roughly attempt to link magnetic
mineralogy to directional components. Samples that
demagnetized below 350°C, consistent with pyrrhotite, are
mainly located below 33 m depth, where there are larger
differences between this interpretation and those from
Playton et al. (2016). This is consistent with the rock
magnetic data that shows diagenetic minerals in those
lower samples, which also have overall high MADs. This
lower temperature pole overlaps with that from samples
with blocking temperatures between 350°C and 600°C that
are interpreted as being carried by magnetite. These minerals
could be primary magnetic recorders as the pole directions
does not plot near the present local ﬁeld or the Kiaman-aged
overprint [a Carboniferous strong reversed superchron
during which many Devonian rocks were remagnetized
including in Gondwana, van der Boon et al. (2021, in
review); Schmidt et al. (1986)] (Figure 6). Samples with
blocking temperatures above 600 °C were interpreted to
contain hematite, potentially detrital hematite or a mixture
of pigmentary and detrital hematite. These hematite samples
correspond to areas of the magnetostratigraphic record that
are consistent with the Playton et al. (2016) interpretation and
line up well with the mean pole for this dataset (Figure 6).
Although the error is large, these samples have a pole
direction that is located near the Kiaman overprint pole
and/or between the present local ﬁeld and the Kiaman-aged

of chrons assigned in our study using the Torsvik et al. (2012),
Hansma et al. (2015) poles and the independent interpretations of
Playton et al. (2016). However, there are notable differences
between 9 m and 16 m depth and below 33 m depth, where
the Torsvik et al. (2012), Hansma et al. (2015) interpretations
primarily show normal polarity while the Playton et al. (2016)
interpretation is largely reversed. The discrepancies near the
beginning of the records may be attributable to the high
MAD, anchored ﬁts that this analysis used to mark many of
the lowest chrons. Additionally, the samples at the base of the
record are spaced further apart than those near the top and
several are high MAD ﬁts. Higher parts of the record have more
components with low MAD values and line ﬁts, which give
greater conﬁdence to those interpretations than those chrons
assigned below 33 m depth. Overall, the similarities between the
chrons assigned here and those independently analyzed and
assigned in Playton et al. (2016) indicate that this is a viable
magnetostratigraphic record for the late Devonian Canning Basin
and can be used for basinal correlations especially if paired with
litho-, bio-, or chemo-stratigraphy. For example, this
magnetostratigraphic record agrees with many of the
paleomagnetic tie points of Hillbun et al. (2016), which shows
those points in relation to carbon isotope chemostratigraphy,
conodont biostratigraphy, and third-order sequence stratigraphy.
These other records can be used for basinal correlation where the
paleomagnetic tie points do not align, like the major carbon
isotope excursion and maximum ﬂooding surface present at the
ambiguous 15 m depth tie point (Hillbun et al., 2016).
The rock magnetic data for MR1 also indicates that these
samples should be viable recorders of the primary magnetic
signals necessary for magnetostratigraphy. Rock magnetic data
reveal the minerals that record the magnetic directions in a
sample, which is helpful for understanding their potential as
primary signatures. Based on analyses of room-temperature
coercivity spectra and thermal demagnetization data, the
magnetic minerals seen in MR1 were goethite, hematite,
pigmentary hematite, and magnetite/pyrrhotite (Figure 2). A
high-coercivity and high-temperature hematite component was
interpreted to be detrital, following Swanson-Hysell et al. (2019);
eleven samples analyzed for rock magnetism contained this in
addition to magnetite and/or goethite. Notably, these samples
contained low MAD (average: 12.32°, four samples ≤10°, one
sample without an anchored ﬁt), which gives them greater
conﬁdence. A lower-coercivity and lower-temperature
pigmentary hematite component was found in eight samples
analyzed, all of which also contained magnetite. These had
slightly lower MADs (average: 11.95°, three samples ≤10°, two
samples without an anchored ﬁt) but had fewer samples below the
high-conﬁdence MAD threshold. The eight samples had depths
between 28.56 and 38.99 m, placing them in the area of the
magnetostratigraphic record with lower overall conﬁdence and
the most signiﬁcant differences between the assigned chrons and
the Playton et al. (2016) analysis (Figure 4). Only one sample did
not contain the low-coercivity magnetite or pyrrhotite
component. Overall, these twenty samples with the lowcoercivity component had an average MAD of 12.16° (seven
samples ≤10°, four samples without an anchored ﬁt). In
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FIGURE 6 | MR1 directional data with mineralogy and MR1 pole positions. The MR1 VGPs plotted as an angle from the paleopole calculated by Hansma et al.
(2015) for the Canning Basin and then color coded by mineralogy interpreted from blocking temperatures. Hematite (red) above 600°C, magnetite (blue) between 350°C
and 600°C, pyrrhotite (green) below 350°C. Pole positions with A95 shown in spherical projection [red: hematite specimens only, blue: magnetite specimens only, green:
pyrrhotite specimens only, purple: mean VGP, yellow: Torsvik et al. (2012) pole for Gondwana at 370 Ma, cyan: Hansma et al. (2015) pole for Canning Basin,
orange: Gondwana Kiaman overprint from Torsvik et al. (2012) at 320 Ma, brown: Gondwana Kiaman overprint from Torsvik et al. (2012) at 260 Ma]. See
Supplementary Figure S4 for Equal Area plots and Fisher means. The hematite pole plots near the Kiaman overprint and/or between the present local ﬁeld and the
Kiaman overprint and is treated with the highest conﬁdence. The pyrrhotite and magnetite poles plot do not plot near the present local ﬁeld or the Kiaman overprint but do
overlap with each other.

poles (Figure 6). However, the samples were not of reversed
polarity as would be expected in a Kiaman overprint so
perhaps the signal is a primary direction or samples are
recording a complex signature from these two later
overprints. Therefore, although this rock-magnetic data
intriguingly points to variable reliability within
magnetostratigraphy, more analyses of this type are needed
to understand the primary or secondary nature of the
paleomagnetic poles.
Despite
internally
consistent
and
viable
magnetostratigraphy in the Canning Basin, correlating
these records more broadly poses serious problems. There
is a noted lack of good paleopoles and paleomagnetic data in
general across the Devonian Period (Torsvik et al., 2012; van
der Boon et al., 2021, in review). Even though many samples,
like those presented here, have rock magnetic compositions
that make them well qualiﬁed to preserve a primary magnetic
signal, their paleomagnetic directions are often ambiguous

Frontiers in Earth Science | www.frontiersin.org

and contradictory (e.g., Torsvik et al., 2012; van der Boon
et al., 2021, in review; Hansma et al., 2015). The Devonian
Period has therefore been suggested to be a hyperreversal time
period and/or have a low intensity, non-dipolar ﬁeld
(Shcherbakova et al., 2017; Hawkins et al., 2021;
Shcherbakova et al., 2019).
Combined with the lack of robust poles resulting from
remagnetizations due to orogenic events and conﬂicting
interpretations of pole paths (Wang and Van Der Voo,
1993; Suk et al., 1993), the dearth of Devonian
paleomagnetic data means that the VGP angles used in
Figure 4 are not well deﬁned, which plays a role in the
differences between the assigned chrons in this study. It
also suggests caution in correlating the sections studied
here and in Hansma et al. (2015) more broadly than this
small basin or utilizing them as the Global Polarity Timescale
(e.g., Ogg, 2020). If the ﬁeld was non-dipolar, the reversals
may be captured and easily categorized for interbasinal
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correlation, but they may not be globally correlatable. With a
general lack of data and the ambiguous results for the available
data, there is a persistent problem with larger scale
correlations and interpretations of paleomagnetic data in
the Devonian Period. The Paleozoic magnetostratigraphic
time scale is poorly constrained (Becker et al., 2020)
—high-resolution, carefully demagnetized analyses from a
single stratigraphic section or even a single basin are not
able to resolve this magnetostratigraphy suggesting a global
collaborative approach with publicly shared measurementlevel data is needed moving forward.

earthref.org/MagIC/19273/ac274eec-b4f3-4e22-91a3-131f8839d547,
https://earthref.org/MagIC/19349, https://earthref.org/MagIC/19348.
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